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Blood-testis barrier integrity 
depends on Pin1 expression in 
Sertoli cells
Rabia Islam, Heein Yoon, Bong-soo Kim, Han-sol Bae, Hye-rim Shin, Woo-Jin Kim,  
Won-joon Yoon, Yun-Sil Lee, Kyung Mi Woo  , Jeong-Hwa Baek & Hyun-Mo Ryoo
The conformation and function of a subset of serine and threonine-phosphorylated proteins are 
regulated by the prolyl isomerase Pin1 through isomerization of phosphorylated Ser/Thr-Pro bonds. 
Pin1 is intensely expressed in Sertoli cells, but its function in this post mitotic cell remains unclear. 
Our aim was to investigate the role of Pin1 in the Sertoli cells. Lack of Pin1 caused disruption of the 
blood-testis barrier. We next investigated if the activin pathways in the Sertoli cells were affected by 
lack of Pin1 through immunostaining for Smad3 protein in testis tissue. Indeed, lack of Pin1 caused 
reduced Smad3 expression in the testis tissue, as well as a reduction in the level of N-Cadherin, a known 
target of Smad3. Pin1−/− testes express Sertoli cell marker mRNAs in a pattern similar to that seen in 
Smad3+/− mice, except for an increase in Wt1 expression. The resulting dysregulation of N-Cadherin, 
connexin 43, and Wt1 targets caused by lack of Pin1 might affect the mesenchymal–epithelial balance 
in the Sertoli cells and perturb the blood-testis barrier. The effect of Pin1 dosage in Sertoli cells 
might be useful in the study of toxicant-mediated infertility, gonadal cancer, and for designing male 
contraceptives.
The testis is an immune-privileged organ that protects itself from auto-antigens and the associated detrimental 
immune responses by forming a blood-testis barrier (BTB)1. Infertility is a common problem affecting almost one 
in six couples, with 50% of cases attributed to male infertility resulting from abnormalities, of which 60–75% are 
found to be idiopathic2, 3. Sertoli cells (SCs) have historically been called the testicular ‘nurse cells,’ and the proper 
organization and maturation of the Sertoli cell population underpin adult male fertility.
Testicular Sertoli cells play important roles in spermatogenesis as they nourish sperm cells and contribute to 
the formation of the BTB that plays a critical role in the physiology and pathology of the testes in mammals4, 5. 
SCs are specialized polarized epithelial cells that extend from the base of the seminiferous tubule to its lumen. 
SCs are the first somatic cells to differentiate in the testes and are thought to direct further testes development6. 
Factors affecting blood-testis barrier function might be involved in testicular damage and male infertility. During 
the seminiferous epithelial cycle of spermatogenesis in the mammalian testis, multiple cellular events take place 
across the seminiferous epithelium, including spermatogonial self-renewal via mitosis, meiosis, spermiogenesis, 
and spermiation, all of which are supported by SCs5, 7. In particular, SCs produce numerous factors, such as glial 
cell line-derived neurotrophic factor (GDNF), fibroblast growth factor 2 (FGF2), bone morphogenic protein 4 
(BMP4), and stem cell factor (SCF), which initiate the differentiation of spermatogonial stem cells (SSCs)8–11.
Sertoli cells create a local tolerogenic microenvironment to maintain testicular immune privilege espe-
cially through the formation of the BTB, which separates the inner tubular microenvironment from the rest 
of the body1. In mammals, the BTB is created by adjacent Sertoli cells in the seminiferous epithelium near 
the basement membrane via coexisting specialized tight junction (TJ), basal ectoplasmic specialization (ES, a 
testis-specific atypical adherens junction [AJ] type), and desmosome-like junctions. Previous studies have 
identified several integral membrane protein complexes, such as the occludin–ZO-1 complex at the TJ and the 
N-cadherin–β-catenin complex at the basal ES, that constitute the BTB and are irreplaceable for the maintenance 
of the BTB in mammalian testes. The regulatory proteins that control the Sertoli cell permeability barrier remain 
mostly unknown. This information would be of considerable use to investigators in the field of infertility and 
gonadal cancer. The BTB, unlike other blood–tissue barriers such as the blood–brain barrier, is not a static barrier 
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because it must restructure to allow the passage of primary spermatocytes while maintaining the immunological 
barrier to protect post-meiotic germ cell development from systemic circulation and resist production of auto 
antigens. The BTB confers a barrier function to regulate the passage of biomolecules, water, hormones, and other 
substances from the basal to the adluminal compartment. Disruption of barrier function and integrity (by envi-
ronmental toxicants such as bisphenol A and cadmium or radiation) leads to testicular injury and infertility7, 12. 
Regulation of the BTB could also be the key to the development of much needed male contraceptives.
BTB integrity is thought to be associated with testicular dysgenesis syndrome13 and the unexplained male 
infertility accounting for 30–40% of men with abnormal semen parameters14.
Pin1 (peptidylprolyl cis/trans isomerase, NIMA-interacting 1) is a peptidyl-prolyl cis/trans isomerase (PPIase) 
that specifically catalyzes the cis/trans isomerization of peptidyl-prolyl peptide bonds, preceded by a phosphoryl-
ated serine or threonine residue. Pin1 shows higher PPIase activity in brain and testis compared to other tissues 
like lungs or liver15. The basal activity by other PPIases cannot sufficiently replace Pin1 deficiency in these organs, 
and that was assumed to be the reason Pin1−/− mice show phenotypes with prominent differences in the brain 
and testis15. Immunostaining of Pin1 in a wild-type testis resulted in ubiquitous Pin1 expression in the seminif-
erous tubules. However, more intense Pin1 expression is seen along the periphery of the tubule. It is most highly 
expressed in spermatogonia and Sertoli cells16. Although the role of Pin1 in germ cells has been extensively stud-
ied, the role of Pin1 in Sertoli cells has not been reported. In germ cells, the existing knowledge cannot explain the 
wide spread gonadal dysgenesis and infertility seen in Pin1−/− mice16, 17. Pin1 was also investigated as one of the 
main mediators of testicular injury during heavy ion radiation (HIR) on mouse testes18. Previously, we reported 
that Pin1 has a role in cell-to-cell fusion in osteoclasts19, 20. BTB formation also depends on cell-to-cell interac-
tions5, 21 and might be an important target site for Pin1-mediated regulation in a cell biological context and might 
also shed some light on the function of Pin1 in a post mitotic cell. Even though Pin1 is expressed in Sertoli cells, 
consistent with its prospective role in cell-to-cell contact at the BTB, there is no existing literature on this topic. 
We sought to investigate whether Pin1 is an integral component of Sertoli cell physiology and to elucidate its role 
in maintenance of the BTB.
Materials and Methods
Ethics statement and animals. The animal experiments were performed according to the Guide for the 
Care and Use of Laboratory Animals, and all experimental protocols were approved by the Animal Care and 
Use Committee of Seoul National University under animal protocol number SNU-120327-6-3. Homozygous 
Pin1-mutant mice, used previously in our laboratory, were obtained from Professor Takafumi Uchida of Tohuko 
University22. The Pin1 gene deletion was transferred into an isogenic C57BL/6 J background with 20 breeding 
cycles. All mice were maintained on a C57BL/6 J background. BrdU was diluted in PBS to make a sterile solution 
of 10 mg/mL. For mice, the BrdU solution at a concentration of 100 mg/kg was injected 3 Hr before sacrifice.
Sertoli cell isolation and Western blotting. Mouse Sertoli cells were isolated from 4-week-old mice 
using previously reported protocols23, 24. Testes from 5 mice were aseptically removed, decapsulated, minced, and 
washed twice with sterile PBS. The minced tissues were then digested with 0.25% trypsin at 37 °C for 6 min, fol-
lowed by digestion in 0.1% collagenase I at 37 °C for 10 min. Next, the obtained homogenate was filtered through 
a 150-μm filter, and cells were collected by centrifugation at 1000 RPM for 5 min. After being washed with PBS 
3 times, the isolated Sertoli cells were re-suspended in culture medium containing 90% DMEM medium and 
10% FBS and then plated on cell culture dishes. Next, these cultures were subjected to a hypotonic treatment to 
lyse residual germ cells. Virtually all contaminating germ cells were lysed via a brief hypotonic treatment using 
20 mM Tris, pH 7.4 at 22 °C for 2.5 min at room temperature. Immediately after hypotonic shock application, 
the purified Sertoli cells were pelleted and homogenized in 500 ml ice-cold RIPA buffer (50 mM Tris-HCL PH 
7.4, 150 mM NaCl, 1% NP, 0.1% SDS, 1 × phosphatase/protease inhibitors) to extract proteins. The protein con-
centration was determined using the BCA protein assay kit (Beyotime, Nantong, China). About 20 μg of protein 
from each sample was separated by 10% SDS-PAGE and electrophoretically transferred to a polyvinylidene flu-
oride (PVDF) membrane. The membrane was then blocked in TBS buffer containing 5% bovine serum albumin 
(20 mM Tris–HCl [pH 7.6] and 150 mM NaCl) for 1 h at 37 °C. Blots were then incubated overnight at 4 °C with 
anti Smad3 (Smad3 antibody number 9513, Cell Signaling Technologies) antibody and ß-actin antibody, followed 
by HRP-conjugated secondary antibody. Blots were imaged (Supplementary Fig. 1) using the GeneGnome XRQ 
system (Syngene, Seoul, Korea)
Cell culture. The mouse Sertoli cell line TM4 was obtained from the Korean Cell Line Bank, Korean Cell Line 
Research Foundation and cultured according to standard protocols. After subculturing the murine Sertoli-like 
cell line TM4 cells were cultured in medium consisting of 50% DMEM and 50% F-12 medium containing 2.5% 
FBS or 5% horse serum, 14 mM NaHCO3, and 15 mM HEPES in a humidified incubator at 37 °C under 5% CO2.
qRT-PCR validation analyses of target genes. Total RNA from the testes and Sertoli cells was isolated 
using Trizol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). To examine mRNA levels, 1 μg 
of total RNA was reverse transcribed using a first strand cDNA synthesis kit (Takara, Japan). qRT-PCR was con-
ducted using the SYBR Green qRT-PCR kit (Takara) on an Applied Biosystems 2500 Real-Time PCR machine 
(Applied Biosystems). qRT-PCR was carried out in a 20 μl reaction mixture, which consisted of 10 μl of 2 × SYBR 
Green Mix, 0.2 μl of forward and reverse primers (20 μM of each primer), 0.4 μl of ROXII dye, and 2 μl diluted 
cDNA. Cycling conditions were denaturation at 95 °C for 30 s, followed by 40 cycles of denaturation for 15 s at 
95 °C, annealing for 34 s at 60 °C, and extension for 30 s at 72 °C, followed by a melting step.
Immunohistochemistry and immunohistofluorescence. Testes and epididymides were dissected and 
fixed in Bouin’s fixative overnight at 4 °C. The fixed tissues were washed several times in ice-cold 70% ethanol and 
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paraffin embedded. One testis was fixed in Bouin’s fixative and sectioned at approximately 5-μm thickness onto 
slides. The other testis was snap frozen on dry ice and then stored at −80 °C. Immunohistochemistry was then 
performed. For histology, tissue samples were stained with hematoxylin and eosin, as well as periodic acid-Schiff 
reagent and hematoxylin (PAS-H) (PolyScientific, Bay Shore, NY). Briefly, sections were deparaffinized and rehy-
drated, followed by antigen retrieval in 10 mM sodium citrate buffer. Antigen retrieval was achieved using a 
CPC-600 pressure cooker (Cuisinart, NJ, USA) by heating samples using the low pressure setting for 10 min 
in citrate buffer and then cooling for 20 min [Antibodies used were SMAD3 (Smad3 Antibody number 9513, 
Cell Signaling Technology), Connexin 43 (Connexin 43 Antibody number 3512, Cell Signaling Technology), 
Br Du (Anti-BrdU clone B44, Catalogue number 347580), N-cadherin (Anti N-cadherin clone H-63, sc-7939, 
Santa cruz) and γH2AX/ Phospho-Histone H2A.X (Ser139/Tyr142) Antibody #5438]. Bound primary antibod-
ies were detected using biotinylated anti-rabbit antibody (Vector Laboratories, Burlingame, CA, USA) or bioti-
nylated anti-mouse (Vector Laboratories). Signal was amplified with Vectastain Elite ABC kit reagents (Vector 
Laboratories) according to the manufacturer’s instructions and detected with 3,3-diaminobenzidine tetrahydro-
chloride (Dako). Nuclei were visualized using Harris hematoxylin counterstaining. Sections were dehydrated in 
an ethanol series and mounted under DPX (BDH Laboratories, Poole, UK). Immunohistochemistry was per-
formed on at least two sections more than 200 μm apart from at least three independent animals per genotype per 
age. For each experiment, determination of nonspecific binding of secondary antibodies was evaluated simulta-
neously (Supplementary Fig. 2). Immunofluorescence analyses of testicular tissues were performed as previously 
described19. Testis cross-sections were fixed with ice-cold methanol and permeabilized with 0.1% Triton X-100 
(vol/vol). Primary antibodies were diluted 1:100 in 1% BSA (wt/vol), and cross-sections were incubated over-
night at room temperature with primary antibodies. After a brief washing step, cross-sections were exposed for 
30 minutes to fluorescent dye-conjugated secondary antibodies (Jackson ImmunoResearch Inc., West Grove, PA, 
USA). Sections were mounted with DAPI-containing mounting media (VECTASHIELD® Mounting Medium 
with DAPI. Catalog No. H-1200, Vector Laboratories).
Biotin-tracer assay. The permeability of the BTB was assessed using EZ-Link Sulfo-NHS-LC-Biotin (Pierce 
Chemical Co., Grand Island, NY, USA). Twenty microliters of fresh PBS solution containing 10 mg/ml biotin and 
1 mM CaCl2 was injected into the interstitium of the testes in 4-week-old mice. The animals were euthanized 
30 min later, and the testes were immediately removed and embedded in OCT tissue freezing medium (Leica 
Biosystems, IL, USA). Fluorescence images of the cryosections were analyzed after staining with a streptavidin 
reagent conjugated with Cy3 (SA1010, Thermo Fisher Scientific, Waltham, MA, USA) and captured with confocal 
laser scanning microscopy (LSM 700, Carl Zeiss).
Dextran FITC injection and BTB assay. Fluorescein isothiocyanate – Dextran 500000-Conjugate (Cat# 
46947, Sigma Aldrich, USA) was injected through the jugular vein; 2 hr later, the mice were sacrificed. Testicular 
tissue was fixed immediately after sacrifice and paraffin embedded. Five-μm-thick sections were deparaffinized 
and mounted with DAPI-containing mounting solution (Vector Laboratories).
Statistics. The experiments were repeated at least three times. For immunohistochemistry and immuno-
fluorescence experiments, one representative image from the results of three independent experiments is pre-
sented. The data were evaluated for significant differences using Student’s t-test. A P value < 0.05 was considered 
significant.
Results
Pin−/− mice demonstrate subfertility in a C57BL6 background. Several previous studies found that 
Pin1−/− mice are generally infertile at breeding age25, 26. However, some reports have stated that Pin1−/− female 
and male mice were fertile; nevertheless, the success rate of homozygous cross breeding was much lower or took 
much longer than that of wild-type or heterozygous mice17, 27. This difference was attributed to genetic back-
ground, as on a mixed genetic background, the Pin1−/− males and females retained reproductive capability and 
displayed normal reproductive organ morphology until older males developed mild testicular atrophy. However, 
when transferred into an inbred C57BL/6 J background, mated Pin1−/− males and females failed to reproduce a 
single offspring17, 27, 28. To confirm the phenotype in our setting with an inbred strain in the C57Bl6 background, 
we evaluated the impact of Pin1 deletion on male fertility using a successive breeding assay. To assay the gener-
ative ability, 10-week-old Pin1−/− male mice or littermate controls were mated with wild type female mice. The 
observation of a vaginal plug was not different between the two groups of mice (data not shown). One week later, 
the male mice were again mated with different wild type female mice. These mating experiments were repeated 
twice successively. After a total of 18 matings, Pin1+/+ mice sired a total of 183 progenies, whereas the Pin1−/− 
male mice produced only one litter with 9 progeny born from a single pregnant female after 19.5 days of gestation 
(Table 1). We mated 3 Pin1−/− male mice with 3 Pin1+/+ female mice each, and the experiment was repeated 2 
Genotype (male)
Number of 
Litters
Total number of 
pups
Average litter 
size
Pin1 +/+ (n = 18) 17 183 10.7 ± 1.89
Pin1−/− (n = 18) 1 9 N/A
Table 1. The generative ability of transgenic male mice was evaluated by 2 successive matings with wild type 
female mice (3 male Pin1+/+ or Pin1−/− mice with 3 female Pin1+/+ each, repeated 2 times).
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times with an expected total of 18 copulation events according to vaginal plug observations. Our results con-
firmed that, although Pin1−/− mice in our experimental model are sub-fertile as adults, they are not infertile.
Pin−/− mice show almost normal seminiferous epithelium at 4 weeks of age and then gradual 
lose germ cells. We observed that, by late adulthood (3 months of age), the male knockout mice were infer-
tile, and that the testes were small and exhibited a damaged structure, as reported previously17. Testicular atrophy 
was previously observed in Pin1−/− mice at 3.5 months of age, and by 3–5 months of age, the average weight of 
Pin1−/− testes was only 56% of that of wild-type mice17. At 4 weeks of age, our Pin1−/− testis analysis revealed 
that all seminiferous tubules contained germ cells organized in the multi-layered epithelium. Spermatogonia, 
spermatocytes, and spermatids produced during the normal process of spermatogenesis were clearly identified 
(Fig. 1A). In agreement with previous reports, we also found that the Pin1−/− testis contained tubules with mul-
tilayered seminiferous epithelia, including stage VIII tubules with mature spermatids lining the lumen (Fig. 1A). 
This indicated that Pin1−/− germ cells were able to complete the spermatogenic process and produce normal 
sperm. However, by 6 weeks of age, seminiferous tubules with vacuoles were observed (Fig. 1B). Many Sertoli 
Figure 1. Pin1 ablation causes abnormal seminiferous epithelium and a gradual loss of germ cells. (A) The 
histological structure of seminiferous epithelium stained with hematoxylin and eosin (H and E) in Pin1+/+ and 
Pin1−/− mice at 4 weeks of age (scale bar = 50 µM). (B) Periodic acid–Schiff (PAS) stain of histological sections 
from 6-week-old Pin1+/+ and Pin1−/− mice. Arrowheads indicate abnormal phenotypes of the seminiferous 
epithelium including vacuolation. (C) H and E-stained sections of the epididymides of 6-week-old mice (scale 
bar = 50 µM).
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cells (SCs) exhibited abnormal features, such as rounded nuclei and absence of tubular lumina and cytoplasmic 
vacuoles. They also exhibited areas with Sertoli cells lacking germ cells. Pin1−/− testis showed many such Sertoli 
cell-only tubules. Compared to wild type mice at 6 weeks of age, the corresponding sections of epididymis in 
Pin1−/− mice showed few mature sperm, confirming azoospermia (Fig. 1C). The degeneration occurred progres-
sively in Pin1−/− testis in an age-dependent manner and started after 4 weeks of age, which is after the Sertoli cell 
maturation period.
Meiosis and proliferation are unhampered in Pin1−/− testis. Along the BTB, tight junctions coexist 
and cofunction with ectoplasmic specializations, desmosomes, and gap junctions to create a unique microenvi-
ronment for the completion of meiosis and the subsequent development of spermatids into spermatozoa via sper-
miogenesis. We stained testicular tissue from 4-week-old mice with BrdU and γ-H2AX, a meiotic marker, and 
found that the staining pattern was near normal, confirming that proliferation and meiosis were proceeding in 
Pin−/− testes. BrdU staining was not highly reduced as expected (Fig. 2A) because of the role of Pin1 as a cell cycle 
protein. Previous reports also confirmed that the percentage of Pin1−/− primordial germ cells in mitosis (6.4%) 
was not significantly different in wild type (5.8%), indicating that mammalian Pin1-deficient PGCs progressed 
through mitosis27. Likely, there is a small change that was not apparent in our immunostained samples with BrdU 
staining. The γ-H2AX staining pattern was similar to that of wild type tissue, except for some highly stained cords 
that did not show a lumen (Fig. 2B). Overall, we observed that both proliferation and meiosis were progressing 
in Pin−/− testis at 4 weeks of age.
Pin1−/− epididymis has blood cells inside the lumen and increased apoptosis in the testis. 
Upon closer observation of Pin1−/− testes, we found cells that appeared to be blood cells, including particularly 
distinctive eosinophils (with kidney-shaped lobed nuclei), which are rarely present in the epididymis lumen 
unless there has been damage or a breach in the BTB (Fig. 3A). Cell debris and eosinophilic inclusions were 
observed in the tubular lumen of the epididymis (Fig. 3A).
Many genetic mouse models with a testis degeneration phenotype have been shown to have increased levels 
of germ cell apoptosis. Previous reports inferred from the results of TUNEL assays that there was no increase 
in apoptosis in Pin1−/− testes16. Sertoli cell vacuolation and tubular dysgenesis strongly indicate the probability 
of mass apoptosis. We opted to evaluate apoptosis using cleaved caspase 3 staining as a marker in frozen sec-
tions, as TUNEL assays performed in testicular tissue can yield false results29. We observed that Pin1−/− testes 
showed a markedly high number of tubules containing cleaved caspase 3-positive cells at 4 weeks of age, whereas 
Pin1 +/+ testis had very few (almost none) cleaved caspase 3-positive cells (Fig. 3B). The presence of blood cells 
and the increase in cleaved caspase 3 staining indicate compromised immune privilege in the Pin−/− testis, lead-
ing to apoptosis of tubular resident cells.
BTB integrity was disrupted by the absence of Pin1. The BTB is “one of the tightest junctions” in the 
mammalian body30. The BTB in mammalian testes is not like other blood-tissue barriers. It is constituted almost 
exclusively of specialized junctions between adjacent Sertoli cells near the basement membrane in the seminif-
erous epithelium of the seminiferous tubule, which is not penetrated by blood vessels, lymph vessels, or nerves5.
Figure 2. Loss of Pin1 does not hamper progression of meiosis or proliferation. (A) BrdU staining was 
observed in Pin1−/− mouse testicular tissue at 4 weeks of age. Mice were injected with BrdU (100 µg/gram 
body weight) 12 hours prior to sacrifice. (B) γ-H2AX immunostaining was observed in the same tissue to 
analyze the progression of meiosis (scale bar = 100 µM).
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To test BTB integrity, we injected mice with dextran–FITC using an intravenous route through the jugular 
vein and collected tissue after 2 hours. This BTB integrity assay is based on the ability of the BTB to block diffu-
sion of a molecular probe, such as dextran-FITC, in the systemic circulation from traversing the BTB. In Pin1+/+ 
testes, FITC fluorescence was observed only in the blood vessels, interstitium, and basal compartment of the 
tubules. However, FITC fluorescence was present even in the adluminal compartment of Pin1−/− testes (Fig. 4A).
The BTB is not an endothelial cell barrier like the blood brain barrier or the blood placental barrier; rather, it is 
formed by tight junction complexes between Sertoli cells (Sertoli cell-Sertoli cell tight junctions) and is an inter-
stitial tissue barrier. So, to further confirm the integrity of the barrier, we needed to inject a tracer in the intersti-
tial tissue and observe diffusion. Dextran-FITC is not ideal for this purpose because there is a chance of glucose 
diffusion. Thus, BTB integrity was evaluated using a biotin tracer to determine whether assembly of the BTB was 
impaired by Pin1 deletion. The biotin tracer solution was injected into the interstitium of the testes in 4-week-old 
mice. After 30 min, the animals were euthanized, and the biotin signals in frozen testis sections were detected 
using fluorescence-conjugated streptavidin and confocal microscopy. In the Pin1+/+ male mice, the biotin tracers 
were restricted to the interstitial space and the basal compartment, whereas the biotin tracer penetrated the adlu-
minal compartment and diffused throughout almost all of the seminiferous tubules of the Pin−/− males (Fig. 4B). 
Figure 3. Pin1−/− testis shows signs of compromised immune privilege. (A) Epididymides of 6-week-old mice 
were fixed and sectioned to observe any abnormalities. Red arrows indicate blood cells or abnormal germ cells 
(scale bar = 50 µM). (B) Testis sections were stained with antibody against active caspase 3 (BD Bioscience) 
to evaluate apoptosis (scale bar = 50 µM). Yellow arrows indicate cells with nuclei immunostained for active-
caspase 3 (Cy3-stained).
www.nature.com/scientificreports/
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These observations suggest that BTB permeability was increased and the formation of the BTB was disturbed in 
Pin1−/− mice, similar to results described for other models with a dysfunctional BTB31.
Loss of Pin1 causes a reduction in Smad3 protein in the testis. To investigate the underlying mech-
anism for the observed phenotype of Pin1−/− testes, we investigated several proteins related to testis maturity. 
Activin signaling is the most important signaling pathway involved in Sertoli cell maturation32. SMAD3 is the key 
mediator of activin-induced Sertoli cell maturation33. It was previously reported by us and others that the R-Smad 
proteins are important substrates of Pin120, 34. Smad3 is directly linked to Sertoli cell maturation35. We found that 
the expression of Smad3 was reduced in Pin1−/− testicular tissue (Fig. 5A) and isolated Sertoli cells (Fig. 5B).
N-cadherin expression is decreased in Pin−/− testes and unorganized in TM4 cells after Pin1 
inhibition. Smad3 is known to regulate junction protein expression during epithelial to mesenchymal tran-
sition in cancer36. We examined the expression of N-cadherin (N-Cad; Cdh2), a molecule that contributes to 
the formation of the BTB and a constituent protein of adherens junctions37. A previous report demonstrated 
that diminished TGF-β-induced cell migration and invasion in the Pin1 knockdown cells correlated with greatly 
reduced expression of N-cadherin in cancer38. Downregulation of N-cadherin was observed in Pin1−/− testes by 
immune-histofluorescence (Fig. 6A), whereas the expression of ZO-1 remained the same as in control testes (data 
not shown). Finally, to reinforce these data, we studied N-cadherin expression in TM4 cells treated with the Pin1 
catalytic inhibitor DTM (0.01 µM). In the TM4 Sertoli cell line, staining of this intercellular junction component 
decorated the surface of TM4 cells and showed uniform organization, whereas this pattern was lost upon DTM 
treatment and revealed disorganized expression (Fig. 6B). Reductions in Pin1 reduce N-Cadherin expression, and 
inhibition of Pin1 activity results in loss of proper junctional localization of N-Cadherin.
Connexin 43 (Cx43), also known as GJ protein alpha 1 (Gja1), is the predominant testicular gap junction pro-
tein located between adjacent Sertoli cells and between Sertoli cells and germ cells and is essential for normal BTB 
assembly39. We examined the expression and location of Cx43. In normal mice, the BTB was formed at approxi-
mately 2 weeks of age, and Cx43 was arranged in a regular pattern, which divided the seminiferous tubules into 
two parts (basal and adluminal compartments) (Fig. 6C, left images). However, these junction proteins displayed 
aberrant localization and were dispersed over the entire tubules in Pin1−/− mice. In addition, Cx43 expression was 
significantly increased (Fig. 6C, right images), similar to other mutant model mice with a BTB defect31. Together, 
these observations suggest that Pin1 deletion causes destruction of the BTB integrity because of a dysregulation 
of the proteins that maintain the cell to cell communication.
The mRNA expression profile of Sertoli cell maturation markers matched that resulting from 
reduced Smad 3 dosage, with the exception of Wt1 (Wilms tumor gene) expression. We ana-
lyzed the Sertoli cell maturation markers in maturing 16-day testis, which correlates with the first wave of sper-
matogenesis. The measured transcripts associated with Sertoli cell maturation were anti-müllerian hormone 
(Amh) [down-regulated during maturation40] and Gja1 (connexin 43) and androgen receptor (Ar) (up-regulated 
as Sertoli cells mature)33. We found that Amh mRNA showed a greater reduction in Pin−/− testis compared to 
Pin1+/+ (Fig. 7A), whereas Gja1 and Ar both showed greater increases compared to wild type testis (Fig. 7B and 
C). This mRNA expression profile mimicked the profile of the Smad3+/− testis mRNA expression levels during 
Sertoli cell maturation33.
Figure 4. Pin1−/− testes show a BTB defect. (A) Testes from mice injected with Dextran-FITC were analyzed 
for a BTB defect. Mice injected with Dextran-FITC through the jugular vein were sacrificed 2 hr later. Testes 
were fixed immediately and later paraffin embedded. Sections were cut and analyzed using FITC staining. The 
whole process was carried out with light protection (scale bar = 50 µM). (B) A biotin tracer was injected in the 
interstitium of the testicular tissue, and samples were collected 30 min post sacrifice to further confirm the BTB 
defect. CY3-conjugated streptavidin was used to detect the presence of biotin in the adluminal compartment 
after frozen sectioning (upper panel scale bar = 50 µM and lower panel scale bar = 20 µM).
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Differences in germ to Sertoli cell ratios between genotypes were assessed by comparing the expression of 
Wilms tumor homolog 1 (Wt1), which is a known marker of Sertoli cell maturation, is specifically expressed 
in Sertoli cells, and supports spermatogenesis. Wt1 is a critical determinant of Sertoli cell fate as dysregulation 
of this gene can cause reprograming of Sertoli cells to immature Leydig cells41–44. Previously, Wt1 was reported 
not to change with Smad3 dosage33 and germ cell ablation45. We found that Wt1 was more highly expressed In 
Pin1−/− testes than in Pin1+/+ testes (Fig. 7D). From our data, we deduce that the Sertoli cells of Pin1−/− mice did 
not have a maturation defect.
Discussion
Appropriate Sertoli cell organization and development underpin normal adult fertility; thus, identifying how 
these processes are controlled is relevant to understanding sub-fertility or infertility and disorders of testis 
development. It is also particularly relevant to the increasing incidence of testicular dysgenesis. Pin1 is strongly 
expressed in testicular tissue and plays a unique role that cannot be substituted by other PPIases15. It is known 
to be expressed in Sertoli cells16, but this is the first time the role of Pin1 in Sertoli cell has been investigated. 
Pin1 knockout mice display features like testicular dysgenesis syndrome (TDS), where testis just after maturation 
appears to be similar to wild type testis, but subsequently shows a derangement of seminiferous tubular structure 
and consequent infertility17, 28. Previous studies focused on germ cells as the cause of this dysgenesis. However, 
most of these studies were based on data derived from testes of mice that were 3 months old or older39. We utilized 
4- and 6-week-old testes so that the peak period for the initiation of mass tubular dysgenesis could be studied. 
Based on several observations, it has been hypothesized that TDS arises in fetal life due to the abnormal develop-
ment of Sertoli and Leydig cells or due to environmental factors that impair the normal function of these cells13. 
Support for this concept comes from the analysis of the contralateral testes of men with testicular cancer, which 
revealed areas of dysgenesis (poorly formed seminiferous tubules), transformed fetal germ cells, areas with imma-
ture or abnormal Sertoli cells lacking germ cells, and foci of Leydig cell hyperplasia13. Findings from our study 
indicate that Pin1−/− mice undergo abnormal Sertoli cell organization caused by dysregulation of the proteins that 
control cell to cell communication (Fig. 6). This might be the driving force behind the global gonadal dysgenesis 
observed later during aging (Figs 1 and 2).
Previous studies have shown that primordial germ cells (PGCs) in Pin1−/− mice have a prolonged cell cycle, 
which translates into fewer cell divisions28. At the same time, quantification revealed that the percentage of 
Pin1−/− PGCs in mitosis (6.4%) was not significantly different from that of wild type (5.8%), indicating that 
Figure 5. Smad3 expression is decreased in Pin−/− testes. (A) Testicular tissues from 4-week-old mice were 
immunostained for Smad3 protein (scale bar = 50 µM). (B) Quantification of Smad3 expression was performed 
on isolated Sertoli cells from Pin1+/+, Pin1+/−, and Pin1−/− mice at 4 weeks of age. Freshly isolated cells were 
lysed in protein lysis buffer immediately after hypotonic shock to remove germ cells. ß-Actin was used as a 
loading control.
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mammalian Pin1-deficient PGCs progressed through mitosis27. These findings cannot sufficiently explain the 
phenotype of Pin1−/− testis. A reduction in only germ cell number cannot explain the normal features seen in 
younger Pin−/− mice or the irregularly spread gradual seminiferous tubule degeneration seen with aging (Fig. 1A 
and B). We found that, at the same time that dysgenesis of the seminiferous tubules in Pin−/− mice is initiated, 
the BTB fails (Figs 2 and 3). This coincides with ongoing mature sperm production in other tubules (Fig. 1). 
Abnormal permeability of the BTB (Fig. 4) can result in the release of germ cells into the bloodstream that leads 
to the mounting of an autoimmune response and the production of anti-sperm antibodies, which subsequently 
cause apoptosis. Based on our results, we propose that disruption of the BTB is the first step in the degenerative 
process occurring in Pin1−/− testes, which ultimately leads to apoptosis of germ cells (Fig. 2) and gradual atrophy 
due to mass dysgenesis.
Activin and its mediators, the R-Smads, are the most important group of proteins in Sertoli cell maturation32. 
Testosterone, together with TNFα and TGF-β, also promotes the junction integrity of the BTB46. R-Smads are 
the main mediators of these signaling pathways. Among R-Smads, Smad 3 has a very significant role in Sertoli 
cell maturation33. Pin1 plays a critically important role in the early stages of Sertoli cell maturation to maintain 
the BTB. Downregulation of Smad3 to a certain threshold results in normal juvenile testis growth. A study relat-
ing Smad3 level to the timing of the first wave of spermatogenesis identified the Smad3+/− mouse as a model 
of peripheral precocious puberty and the Smad3−/− mouse as one of delayed Sertoli cell development21. As the 
absence of Pin1 results in reduced Smad3 expression, our data indicate that isomerization of Smad3 at these 
stages might be an integral part of the process (Fig. 5). The Pin1−/− mouse showed no defects in Sertoli cell mat-
uration (Fig. 7), but did show defects in Sertoli cell-to-cell contact (Figs 4, 5 and 6). However, unlike Pin−/− mice, 
Smad3−/− mice do not become infertile33, which indicates that the reduced germ cell numbers16 seen in the 
Pin1−/− mice further aggravate the destruction of the BTB junction. A comparison of Sertoli cell differentiation in 
Figure 6. N-cadherin expression is decreased in Pin−/− testes and is unorganized in TM4 cells after Pin1 
inhibition. (A) Testicular tissue sections from 4-week-old mice were immunostained for N cadherin expression 
(scale bar = 50 µM). (B) Confocal microscopy images of TM4 cells with endogenous Pin1 catalytic function 
inhibited by DTM (0.01 µM) a known inhibitor for Pin1 activity. Cells were stained for N-cadherin (Alexa-488/ 
green) and counterstaining with DAPI (scale bar = 50 µM). (C) The BTB junction protein Connexin 43 was 
immunostained in testicular tissue of 6-week-old Pin1+/+ and Pin1−/− mice (scale bar = 50 µM).
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Pin1+/− and Pin1−/− mice to the well-characterized Smad3+/− and Smad3−/− mouse models of Sertoli cell defects 
suggested that Sertoli cells are the primary cell type affected by Pin1 dosage.
Smad2 and Smad3 proteins are differentially regulated in the testis35. Pin1 binds both Smad2 and Smad347. 
This might be an important topic for further study in testis physiology. In the first two neonatal weeks, Sertoli cells 
undergo a polarity establishment process for tight junction formation between cells, during which apical–basal 
polarity is formed. Consequently, Sertoli cells adopt a more epithelial phenotype in the mesenchymal–epithelial 
balance during this period42.
Wt1 also regulates the mesenchymal–epithelial balance of Sertoli cells through E-cadherin44, 48, 49. Pin1−/− 
testes showed an upregulation of Wt1 mRNA (Fig. 7) and a downregulation of the N-Cadherin protein (Fig. 6), 
which might cause an imbalance of the epithelium to mesenchymal ratio. The N-cadherin–β-catenin complex 
at the basal ES is also crucial for BTB maintenance. Previously, we reported that Pin1 regulates the export of 
β-catenin from the nucleus50, which might affect β-catenin localized at the membrane. Thus, we propose that 
Pin1 can affect the mesenchymal–epithelial balance in Sertoli cells via N-cadherin, β-catenin50, and other known 
and unknown target proteins of Wt1. However, the precise role of Pin1 in the developing testis needs to be further 
studied, especially in the context of the supporting Leydig and Sertoli cells.
Endocrine-disrupting chemicals are linked to delayed puberty and impaired androgen actions in boys51, 52. 
Studies using rats support these human data, with endocrine disruptors exerting broad effects on the developing 
testis, including changes in Sertoli cell proliferation, maturation, and androgen responsiveness, with the develop-
ing testes being more sensitive than the adult testes51. The Pin1−/− mouse model is a phenocopy of abnormal BTB 
function. Pin1-mediated regulation of junction proteins (N-cadherin and β-catenin) therefore offers the oppor-
tunity to identify new targets for investigations into reproductive toxicology and altered pubertal development, as 
well as the development of potential male contraceptives. Our data identified a unique role of Pin1 in post-mitotic 
Sertoli cells as a crucial factor in BTB maintenance.
References
 1. Li, N., Wang, T. & Han, D. Structural, cellular and molecular aspects of immune privilege in the testis. Front Immunol 3, 152, 
doi:10.3389/fimmu.2012.00152 (2012).
 2. Irvine, D. S. Epidemiology and aetiology of male infertility. Hum Reprod 13(Suppl 1), 33–44 (1998).
 3. Drozdzik, M. et al. TGF beta 3 (TGFB3) polymorphism is associated with male infertility. Sci Rep-Uk 5, doi:10.1038/srep17151 
(2015).
 4. Siu, E. R., Wong, E. W. P., Mruk, D. D., Porto, C. S. & Cheng, C. Y. Focal adhesion kinase is a blood-testis barrier regulator. P Natl 
Acad Sci USA 106, 9298–9303, doi:10.1073/pnas.0813113106 (2009).
 5. Cheng, C. Y. & Mruk, D. D. The Blood-Testis Barrier and Its Implications for Male Contraception. Pharmacol Rev 64, 16–64, 
doi:10.1124/pr.110.002790 (2012).
 6. Hai, Y. et al. The roles and regulation of Sertoli cells in fate determinations of spermatogonial stem cells and spermatogenesis. Semin 
Cell Dev Biol 29, 66–75, doi:10.1016/j.semcdb.2014.04.007 (2014).
 7. Mruk, D. D., Silvestrini, B. & Cheng, C. Y. Anchoring junctions as drug targets: Role in contraceptive development. Pharmacol Rev 
60, 146–180, doi:10.1124/pr.107.07105 (2008).
Figure 7. Sertoli cell markers are dysregulated in Pin1−/− testes. (A) Amh (antimüllerian hormone) mRNA 
transcript expression was analyzed in Pin1+/+ and Pin1−/− testes. (B) Ar (androgen receptor) and (C) Gja1/
connexin 43 mRNA levels were also analyzed in the same tissue. (D) The expression profile of the Sertoli cell-
specific marker Wt1 (Wilms tumor) was analyzed by qRT-PCR. RNA from whole snap-frozen testicular tissue 
was extracted by Trizol digestion after homogenization using a mortar. qRT-PCR was performed using Sybr 
green reagent in an Applied Biosystems 2500 thermocycler.
www.nature.com/scientificreports/
1 1ScIeNtIfIc RePoRTS | 7: 6977 | DOI:10.1038/s41598-017-07229-1
 8. Pellegrini, M., Grimaldi, P., Rossi, P., Geremia, R. & Dolci, S. Developmental expression of BMP4/ALK3/SMAD5 signaling pathway 
in the mouse testis: a potential role of BMP4 in spermatogonia differentiation. J Cell Sci 116, 3363–3372, doi:10.1242/jcs.00650 
(2003).
 9. Meng, X. et al. Regulation of cell fate decision of undifferentiated spermatogonia by GDNF. Science 287, 1489–1493 (2000).
 10. Feng, L. X., Ravindranath, N. & Dym, M. Stem cell factor/c-kit up-regulates cyclin D3 and promotes cell cycle progression via the 
phosphoinositide 3-kinase/p70 S6 kinase pathway in spermatogonia. J Biol Chem 275, 25572–25576, doi:10.1074/jbc.M002218200 
(2000).
 11. Zhang, Y. et al. Endogenously produced FGF2 is essential for the survival and proliferation of cultured mouse spermatogonial stem 
cells. Cell Res 22, 773–776, doi:10.1038/cr.2012.17 (2012).
 12. Mital, P., Hinton, B. T. & Dufour, J. M. The Blood-Testis and Blood-Epididymis Barriers Are More than Just Their Tight Junctions. 
Biol Reprod 84, 851–858, doi:10.1095/biolreprod.110.087452 (2011).
 13. Skakkebaek, N. E., Rajpert-De Meyts, E. & Main, K. M. Testicular dysgenesis syndrome: an increasingly common developmental 
disorder with environmental aspects. Hum Reprod 16, 972–978 (2001).
 14. Jiang, X. H. et al. Blood-testis barrier and spermatogenesis: lessons from genetically-modified mice. Asian J Androl 16, 572–580, 
doi:10.4103/1008-682X.125401 (2014).
 15. Fanghanel, J., Akiyama, H., Uchida, C. & Uchida, T. Comparative analysis of enzyme activities and mRNA levels of peptidyl prolyl 
cis/trans isomerases in various organs of wild type and Pin1(−/−) mice. Febs Lett 580, 3237–3245, doi:10.1016/j.febslet.2006.04.087 
(2006).
 16. Atchison, F. W. & Means, A. R. Spermatogonial depletion in adult Pin1-deficient mice. Biol Reprod 69, 1989–1997, doi:10.1095/
biolreprod.103.020859 (2003).
 17. Liou, Y. C. et al. Loss of Pin1 function in the mouse causes phenotypes resembling cyclin D1-null phenotypes. Proc Natl Acad Sci 
USA 99, 1335–1340, doi:10.1073/pnas.032404099 (2002).
 18. Li, H. et al. Proteomic analysis for testis of mice exposed to carbon ion radiation. Mutat Res 755, 148–155, doi:10.1016/j.
mrgentox.2013.06.017 (2013).
 19. Islam, R. et al. Pin1 regulates osteoclast fusion through suppression of the master regulator of cell fusion DC-STAMP. J Cell Physiol 
229, 2166–2174, doi:10.1002/jcp.24679 (2014).
 20. Islam, R., Yoon, W. J. & Ryoo, H. M. Pin1, the Master Orchestrator of Bone Cell Differentiation. J Cell Physiol, doi:10.1002/jcp.25442 
(2016).
 21. Yan, H. H. N., Mruk, D. D., Lee, W. M. & Cheng, C. Y. Cross-Talk between Tight and Anchoring junctions-Lesson from the Testis. 
Adv Exp Med Biol 636, 234–254 (2008).
 22. Fujimori, F., Takahashi, K., Uchida, C. & Uchida, T. Mice lacking Pin1 develop normally, but are defective in entering cell cycle from 
G(0) arrest. Biochem Biophys Res Commun 265, 658–663, doi:10.1006/bbrc.1999.1736 (1999).
 23. Chang, Y. F., Lee-Chang, J. S., Panneerdoss, S., MacLean, J. A. 2nd & Rao, M. K. Isolation of Sertoli, Leydig, and spermatogenic cells 
from the mouse testis. Biotechniques 51, 341–342, 344 doi:10.2144/000113764 (2011).
 24. Bhushan, S. et al. Isolation of Sertoli Cells and Peritubular Cells from Rat Testes. J Vis Exp, e53389, doi:10.3791/53389 (2016).
 25. Antonelli, R. et al. Pin1-dependent signalling negatively affects GABAergic transmission by modulating neuroligin2/gephyrin 
interaction. Nat Commun 5, 5066, doi:10.1038/ncomms6066 (2014).
 26. Esnault, S. et al. Pin1 modulates the type 1 immune response. PLoS One 2, e226, doi:10.1371/journal.pone.0000226 (2007).
 27. Atchison, F. W., Capel, B. & Means, A. R. Pin1 regulates the timing of mammalian primordial germ cell proliferation. Development 
130, 3579–3586 (2003).
 28. Atchison, F. W. & Means, A. R. A role for Pin1 in mammalian germ cell development and spermatogenesis. Front Biosci 9, 3248–3256 
(2004).
 29. Wang, H. et al. Different fixative methods influence histological morphology and TUNEL staining in mouse testes. Reprod Toxicol 
60, 53–61, doi:10.1016/j.reprotox.2016.01.006 (2016).
 30. Mruk, D. D. & Cheng, C. Y. The Mammalian Blood-Testis Barrier: Its Biology and Regulation. Endocr Rev 36, 564–591, doi:10.1210/
er.2014-1101 (2015).
 31. Hu, X. et al. Deletion of the tyrosine phosphatase Shp2 in Sertoli cells causes infertility in mice. Sci Rep 5, 12982, doi:10.1038/
srep12982 (2015).
 32. Nicholls, P. K. et al. Activin signaling regulates Sertoli cell differentiation and function. Endocrinology 153, 6065–6077, doi:10.1210/
en.2012-1821 (2012).
 33. Itman, C. et al. Smad3 dosage determines androgen responsiveness and sets the pace of postnatal testis development. Endocrinology 
152, 2076–2089, doi:10.1210/en.2010-1453 (2011).
 34. Yoon, W. J. et al. Pin1 plays a critical role as a molecular switch in canonical BMP signaling. J Cell Physiol 230, 640–647, doi:10.1002/
jcp.24787 (2015).
 35. Itman, C. et al. Developmentally regulated SMAD2 and SMAD3 utilization directs activin signaling outcomes. Dev Dyn 238, 
1688–1700, doi:10.1002/dvdy.21995 (2009).
 36. Vincent, T. et al. A SNAIL1-SMAD3/4 transcriptional repressor complex promotes TGF-beta mediated epithelial-mesenchymal 
transition. Nat Cell Biol 11, 943–950, doi:10.1038/ncb1905 (2009).
 37. Newton, S. C., Blaschuk, O. W. & Millette, C. F. N-cadherin mediates Sertoli cell-spermatogenic cell adhesion. Dev Dyn 197, 1–13, 
doi:10.1002/aja.1001970102 (1993).
 38. Matsuura, I. et al. Pin1 promotes transforming growth factor-beta-induced migration and invasion. J Biol Chem 285, 1754–1764, 
doi:10.1074/jbc.M109.063826 (2010).
 39. Brehm, R. et al. A sertoli cell-specific knockout of connexin43 prevents initiation of spermatogenesis. Am J Pathol 171, 19–31, 
doi:10.2353/ajpath.2007.061171 (2007).
 40. Al-Attar, L. et al. Hormonal and cellular regulation of Sertoli cell anti-Mullerian hormone production in the postnatal mouse. J Clin 
Invest 100, 1335–1343, doi:10.1172/JCI119653 (1997).
 41. Buganim, Y. et al. Direct Reprogramming of Fibroblasts into Embryonic Sertoli-like Cells by Defined Factors. Cell Stem Cell 11, 
373–386, doi:10.1016/j.stem.2012.07.019 (2012).
 42. Wang, X. N. et al. The Wilms Tumor Gene, Wt1, Is Critical for Mouse Spermatogenesis via Regulation of Sertoli Cell Polarity and Is 
Associated with Non-Obstructive Azoospermia in Humans. Plos Genet 9, doi:10.1371/journal.pgen.1003645 (2013).
 43. Chen, M. et al. Wt1 directs the lineage specification of sertoli and granulosa cells by repressing Sf1 expression. Development 144, 
44–53, doi:10.1242/dev.144105 (2017).
 44. Zhang, L. et al. Reprogramming of Sertoli cells to fetal-like Leydig cells by Wt1 ablation. Proc Natl Acad Sci USA 112, 4003–4008, 
doi:10.1073/pnas.1422371112 (2015).
 45. O’Shaughnessy, P. J., Hu, L. & Baker, P. J. Effect of germ cell depletion on levels of specific mRNA transcripts in mouse Sertoli cells 
and Leydig cells. Reproduction 135, 839–850, doi:10.1530/REP-08-0012 (2008).
 46. Smith, L. B. & Walker, W. H. The regulation of spermatogenesis by androgens. Semin Cell Dev Biol 30, 2–13, doi:10.1016/j.
semcdb.2014.02.012 (2014).
 47. Aragon, E. et al. A Smad action turnover switch operated by WW domain readers of a phosphoserine code. Genes Dev 25, 
1275–1288, doi:10.1101/gad.2060811 (2011).
www.nature.com/scientificreports/
1 2ScIeNtIfIc RePoRTS | 7: 6977 | DOI:10.1038/s41598-017-07229-1
 48. Miller-Hodges, E. & Hohenstein, P. WT1 in disease: shifting the epithelial-mesenchymal balance. J Pathol 226, 229–240, doi:10.1002/
path.2977 (2012).
 49. Hohenstein, P. & Hastie, N. D. The many facets of the Wilms’ tumour gene, WT1. Hum Mol Genet 15 Spec No 2, R196–201, 
doi:10.1093/hmg/ddl196 (2006).
 50. Shin, H. R. et al. Pin1-mediated Modification Prolongs the Nuclear Retention of beta-Catenin in Wnt3a-induced Osteoblast 
Differentiation. J Biol Chem 291, 5555–5565, doi:10.1074/jbc.M115.698563 (2016).
 51. Schoeters, G., Den Hond, E., Dhooge, W., van Larebeke, N. & Leijs, M. Endocrine disruptors and abnormalities of pubertal 
development. Basic Clin Pharmacol Toxicol 102, 168–175, doi:10.1111/j.1742-7843.2007.00180.x (2008).
 52. Den Hond, E. & Schoeters, G. Endocrine disrupters and human puberty. Int J Androl 29, 264–271; discussion 286–290, doi:10.1111/
j.1365-2605.2005.00561.x (2006).
Acknowledgements
This study was supported by The Bio & Medical Technology Development Program (20100030015), the General 
Researcher Program (20100010590), the Korean-Japanese International Research Program (K20802001314-
09B1200-11110) and the MEST (NRF-2014R1A2A2A01004865) of the National Research Foundation of Korea 
(NRF).
Author Contributions
R.I. conducted and designed the experiments, performed the data analyses, and wrote the manuscript. H.Y. and 
B.S.K. assisted with the experiments and performed the data analyses. W.J.Y., W.J.K., H.R.S., H.S.B., and B.S.K. 
helped with animal experiments and plasmid preparation. Y.S.L., W.J.Y., K.M.W., and J.H.B. edited the manuscript 
and provided valuable input for modification of the experimental design. H.M.R. supervised the project, designed 
the experiments, and edited the manuscript.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07229-1
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
